ABSTRACT The hypothesis that nitrates evoke prostacyclin production by vascular endothelium has been reevaluated on cultured umbilical vein endothelial cells and in vascular fragments, both obtained from humans. Endothelial cell monolayers (passages 1 and 2) were washed free of culture medium and exposed for 3 to 5 min to buffer or nitroglycerin (NTG), isosorbide dinitrate (ISDN), or isosorbide-5-mononitrate (ISMN) over a range of concentrations (10-9M to 10-6M) encompassing those usually attained in vivo, with or without 25 gM sodium arachidonate. Basal prostacyclin production, measured by radioimmunoassay of the stable metabolite 6-keto-PGF,a, depended on cell density in the endothelial monolayer (being higher in preconfluent cultures) and on incubation time. Basal prostacyclin, however, was not altered by incubation with NTG (3.3 + 2.0 pg/1000 cells without drug vs 3.9 + 3.8 pg/1000 cells with drug, mean + SD), ISDN (3.1 + 1.9 vs 3.1 + 2.2), or ISMN (2.0 0.9 vs 2.3 1.5) at 10-7M (all differences NS). Also, long-term incubation (2. 6, and 24 hr) with ISDN and ISMN did not alter prostacyclin production over control. Over a 30-fold increase (p < .001) in prostacyclin production was obtained with arachidonate stimulation, but incubation with nitrates did not significantly modify the stimulated production. Saphenous vein. mesenteric artery, and atrial appendage fragments incubated at 370 C for 20 min in a shaking water bath with a control buffer procluced 27.8 + 13.9, 189.7 -+ 75.2, and 662.3 -+ 390.6 pg 6-keto-PGF,Jm/giz tissue, respectively. Arachidonate (25 gM) increased prostacyclin production by these tissues to 158
NITRATES are widely used and universally accepted drugs in cardiovascular therapy. but their mechanism of action on the vessel wall has not been fully clarnfied.' Furthermore, nitrates exert extravascular actions such as inhibition of platelet function, 4 the mechanism for which is also unknown. Considerable interest has therefore been raised by reports that nitroglycerin (NTG) stimulates the production of prostacyclin (PGI) by vascular endothelium.' It has been hypothesized that the production of prostacyclin, through its vasodilator and antiaggregatory properties, accounts for at least some of the beneficial effects of nitrates.' However, contradictory reports on this subject have also appeared.9 "' Validation of the hypothesis that nitroderivatives affect vascular prostacyclin production is both of theoretical and practical relevance. Nitrates and drugs that inhibit the prostaglandin system. such as nonsteroidal anti-inflammatory agents, rank among the most frequently used drugs in medical therapy and are often used together. If the hypothesis that nitrates can act via stimulation of prostacyclin holds. their combined use would be expected to be detrimental.' We therefore decided to reexamine this issue systematically using various preparations of vascular endothelium and studying longacting nitrates as well as NTG.
Methods
We investigated the effects on endothelial prostacyclin production of three different nitroderivatives: NTG in two different LABORATORY INVESTIGATION-NITRATES AND EICOSANOlDS preparations (Nitrostat IV, Parke-Davis, Morris Plains, NJ; and Tridil, American Critical Care, McGaw Park, IL), isosorbide dinitrate (ISDN) (Isoket, Pharma-Schwarz, GmbH, Monheim, Federal Republic of Germany), and isosorbide-5-mononitrate (ISMN) (Elantan, Sanol Schwarz, GmbH, Monheim). ISMN is the product of liver biotransformation of ISDN l' and is thought to be mainly responsible for the sustained effects of the parent drug in vivo.12' 13 All drugs, representing several different lots of clinical preparations, were used before expiration date. Since NTG may be adsorbed to plastic, dilutions of all drugs were made in glass vials. A new ampule of the drug was used in each experiment. Dilutions of each drug were made in a buffer containing 10 mM sodium N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate (HEPES, Sigma, Chemical Co., St. Louis), 137 mM NaCI, 5 mM KCI, 1.8 mM CaCl2, 1 mM MgC12, and 5.5 mM glucose, pH 7.35 at 370 C (referred to as HEPES buffer). Preliminary specific experiments demonstrated that each of the vehicles of the various drugs tested, over the full range of concentrations used, induced prostacyclin production comparable to that induced with the HEPES buffer alone, thus ruling out any nonspecific effect of the excipient contained in any of the drug preparations. These vehicles were 5% (volume to volume) absolute ethanol in water for Nitrostat IV, 30% ethanol and 30% propylene glycol in water for Tridil, and isotonic saline for both Isoket and Elantan. This last vehicle was therefore used in experiments involving multiple comparisons of different drugs. Dilutions of vehicles, as for drugs, were made in HEPES buffer. Final concentrations from 10 -6M to 10 -9M of each drug were prepared shortly before use. These concentrations encompass the maximum clinically attainable venous concentration, which is about 10 -7M for both NTG and the long-acting nitrates. '3'5 The selected dose range also spans arterial levels of these drugs, reported as higher than the venous ones during intravenous infusions in patients. '5 Two tissue systems were used: cultured endothelial cells and vascular fragments, both derived from human sources. In the first system, prostacyclin production in the presence of nitrates was studied in human umbilical vein endothelial cell monolayers. These were cultured in 24-well (16 mm diameter) cluster plates (Costar, Cambridge, MA) as previously described. '6 After each experiment, cell counts of each well were performed as previously described.'6' 17 Since shear rate stress has been shown to induce prostacyclin production by endothelial cells,'8 a nonvibrating thermostatic bath (Meyer N-Evap R, Organomation Associates Inc., South Berlin, MA) was used at 370 C. Each monolayer of endothelial cells was washed twice with HEPES buffer to remove the culture medium and then incubated with the drug to be tested at the appropriate dilution or with the control buffer. Special care was taken to standardize the washing procedure and the timing of the washing steps and to avoid pH changes in culture wells. For this purpose, control experiments were performed limiting the number of wells used in a single experiment to 18, 12, (3, 6 , and 24 hr at 370 C under 5% C02) were also used, diluting the drugs or the control vehicle directly in serum-containing tissue culture medium. At the end of the incubation times, supernatants were directly collected and stored frozen until the assay (see below).
In the second system, prostacyclin production in the presence of nitrates was assessed on human vascular fragments removed at surgery. Fragments were obtained from patients undergoing coronary or abdominal surgery. In most of these patients, platelet aggregation in response to AA, ADP, adrenaline, and collagen was performed in a four-channel aggregation module (Platelet Aggregation Profiler I1, Bio-Data Corp., Hatboro, PA), with fixed concentrations of 250 ,uM, 1 ,uM, and 0.8 ,ugl ml, respectively, of these agents, according to previously described techniques. '9 If no aggregation occurred with AA, a fresh sample of platelet-rich plasma was challenged with an endoperoxide analogue (U-44069, 3,uM, a gift of Dr. John Pike, Upjohn Co., Kalamazoo, MI), which bypasses aspirin inhibition of platelet cyclooxygenase. Aggregation with U-44069 confirmed an aspirin-induced or aspirin-like aggregation defect. Also, samples of freshly drawn whole venous blood were placed in plain glass tubes for measurement of serum thromboxane (TX) B2 by radioimmunoassay.20 Recording of platelet aggregation and/or measurement of serum TXB2 generation served to identify patients treated with nonsteroidal antiinflammatory agents. The existence of an aspirin-like effect was defined as less than 10% aggregation with AA with a positive response to U-44069 or a reduction in serum TXB2 levels to less than 100 ng/ml of serum. Aggregation with other agents was confirmatory. In the few (<10%) patients for whom blood sampling was unavailable, history of recent (< 10 days before the operation) exposure to nonsteroidal anti-inflammatory agents was carefully checked. Only patients without evidence of such exposure were included in the study.
The vascular fragments were derived from three different sources: saphenous vein, mesenteric artery, and atrial appendage (1 13, 48, and I 1 fragments, respectively). These were selected to represent venous, arterial, and capillary types of vascular endothelium, respectively. Most fragments (211/272) were processed within 4 hr of surgery, and all within 18 hr. The technique used for handling and treating the fragments was similar to that previously described.'9 Segments of the vessels or fragments of atrial appendages were cut into grossly uniform pieces weighing a minimum of 10 mg (wet weight), placed into polypropylene tubes containing 1 ml of a solution of the test drug at the selected concentration or into the control buffer, and prewarmed at 370 C for 5 min. Tubes were subsequently shaken in a water bath shaker at 370 C and 20 oscillations/min for 15 min, with or without the addition of AA at 25 ,uM final concentration. Some experiments were also performed without shaking, in unstimulated conditions. At the end of the timed procedure, buffer was removed and centrifuged at 15,600 g for 3 min to sediment cellular elements, and the supematant was rapidly frozen for later measurement of prostacyclin.
Measurement of thromboxane and prostacyclin. TXB2 was measured in appropriately diluted serum by a previously detailed radioimmunoassay,5 with a double-antibody separation using Immunobeads (Bio-Rad Laboratories, Richmond, CA). Samples for prostacyclin measurement were incubated at 370 C for 1 hr to convert all prostacyclin to 6-keto-PGFIa, and the latter compound was measured by radioimmunoassay.5 A double-antibody separation (Immunobeads) was used in experiments in which prostacyclin was assayed in a serum-containing medium (long-term experiments with ISDN and ISMN). Levels of prostacyclin in the supernatant medium from cultured endothelial cells were expressed as picograms of 
Results
Experiments with cultured endothelial cells. Basal production of prostacyclin by endothelial cells was examined in different culture passages (1 and 2), at confluent and preconfluent cell densities, and with different exposure times (3 and 5 min, 2, 6, and 24 hr). When these individual variables were examined, the cell density of the monolayer was the most important factor for prostacyclin production. First-passage cells incubated for 5 min with control buffer produced (mean + SD) 2.8 + 2.1 pgll000 cells at confluence and 6.7 + 2.6 pg/1000 cells at preconfluence (p < .001). Production also appeared to be affected by increasing the incubation time from 3 to 5 min (0.9 ± 0.4 vs 3.3 + 1.4 pg/1000 cells at confluence, respectively). A slow increase of prostacyclin production was observed in long-term experiments: basal production was 18.3 ± 1.7 pg/1000 cells after 2 hr, 20.0 ± 2.1 pg/l000 cells after 6 hr, and 31.2 ± 7.2 pg/l000 cells after 24 The results of incubation of endothelial cells with NTG on prostacyclin production are shown in figure 1 . Over a 30-fold increase of prostacyclin production was obtained with AA stimulation. In control conditions, I I in the two other systems, atrial appendages and mesenteric arteries, are shown in figure 4 , representing data pooled for concentrations from 10 -6M to 10-M. This pooling of data is possible since (1) all these concentrations are within or just above the range reached in clinical situations and (2) no dose-related difference was observed in prostacyclin production in single-dose experiments. Indeed, prostacyclin production by atrial appendages and mesenteric arteries showed a trend toward decreased production in the presence of nitroderivatives as compared with control values (in figure 4 most points are below the identity line).
Discussion
The mechanism by which nitrates relieve myocardial ischemia remains a matter of current debate, 2 both at hemodynamic and cellular levels of action. Dilatation of peripheral veins and arteries,l`1 22 increase in collateral blood flow to areas supplied by diseased coronary arteries,23 intramyocardial redistribution of flow from nonischemic to ischemic areas,24' 25 and specific dilatation of coronary arteries including stenotic segments26-30 are the most commonly postulated mechanisms. Beyond these vascular effects, nitrates also possess other properties potentially useful in therapy of patients with coronary artery disease. Nitrates are able to inhibit platelet function3' 4at concentrations in vivo that are ineffective in vitro,4 3' thereby suggesting an indirect mechanism of action. Thus reports that NTG stimulates the production of vasodilator and antiaggregatory prostacyclin by endothelial cells and by vascular fragments5`7 have received considerable attention. Since prostacyclin synthesis can be depressed by commonly used nonsteroidal anti-inflammatory agents like aspirin, it has even been advised that "physicians should be cautious in giving the drug [aspirin] to patients receiving nitroglycerin for relief of myocardial ischemia or infarction in whom increased vasomotor tone is suspected.`8 Contradictory reports, however, have also appeared,9' 10 suggesting the need for further validation of the hypothesis that nitrates stimulate prostacyclin synthesis. The findings of our study do not support the idea that nitrates increase prostacyclin production by cultured human endothelial cells or by human vascular fragments. NTG and two longacting nitrates, ISDN and ISMN, were used in this study with virtually identical results.
Our work first reproduced the specific conditions previously used for endothelial cell cultures.5 Additional studies addressed possible sources of variation for prostacyclin production by cultured endothelial cells, such as cell passage number, cell density, and incubation time. Cell density and growth state affect prostacyclin synthesis, which, in human endothelial cells, is higher in preconfluent than confluent monolayer cultures. Prostacyclin production also increases with incubation time both over the short range (1 to 5 min) and over a 24 hr period. Early passage number (primary or secondary passage), on the other hand, tion times used by these authors for NTG are much greater than is needed for the drug to evoke its vascular effects. Our incubation times are more pertinent to clinical use.
Prostacyclin release in the presence of NTG has also been studied in the Langendorff rabbit and guinea pig heart preparations, in isolated rabbit aortic rings after addition of cyclic endoperoxides, and in pig aortic microsomes.9 No clear effect of NTG was demonstrated. We similarly found no effect with ISDN in the rat Langendorff heart preparation (De Caterina et al., unpublished observations). Neichi et al. 10 also reported a lack of effect of NTG in the coupled system of rat platelets and pig aortic microsomes. Studies in vivo also suggest that a prostaglandin-mediated mechanism is not involved in the biological action of nitrates; these studies usually involve cyclooxygenase blockade. Thus canine renal artery vasodilatation induced by bolus injection of high doses of NTG was not altered after pretreatment of the animal with indomethacin or meclofenamate,33 and the increases in canine coronary blood flow or decreases in coronary resistance to infusion of either NTG or nitroprusside were not changed after blockade of prostaglandin synthesis with indomethacin. 34 In human subjects, high-dose aspirin pretreatment, which causes a decrease in vascular prostacyclin production,'9 35 failed to modify to any extent large coronary artery vasodilatation induced by ISDN, as measured by quantitative angiography.36 Similar results were recently reported with NTG.37 Systemic hemodynamic changes by NTG were similarly unaffected by indomethacin38 and, after indomethacin, NTG-induced increase in workload exercise testing was not significantly altered in patients with stable angina on effort.39 In addition, the hemodynamic effects produced by prostacyclin infusion (mainly arteriolar vasodilation) are clearly different from those produced by nitrates.4' In contast to prostacyclin,42 nitrates consistently relieve ischemic episodes, and no report has yet suggested that their efficacy is blunted by drugs interfering with prostaglandin synthesis. Finally, a reliable estimation of prostacyclin production in humans during nitrate administration in vivo, by the assay of the main urinary metabolite 2,3-dinor-6-keto-PGF a' has been recently made by Fitzgerald et al. 4 without showing any significant change as compared to control conditions. Our present findings with cultured endothelial cells and different types of human vascular fragments in vitro are consistent with the animal and clinical data available and indicate that nitrates do not act via stimulation of endothelial prostacyclin.
